Optical binding allows creation of mechanically stable nanoparticle configurations owing to formation of self-consistent optical trapping potentials. While the classical diffraction limit prevents achieving deeply subwavelength arrangements, auxiliary nanostructures enable tailoring optical forces via additional interaction channels. Here, a dimer configuration next to metal surface was analyzed in details and the contribution of surface plasmon polariton waves was found to govern the interaction dynamics. It was shown that the interaction channel, mediated by resonant surface waves, enables achieving subwavelength stable dimers. Furthermore, the vectorial structure of surface modes allows binding between two dipole nanoparticles along the direction of their dipole moments, contrary to vacuum binding, where a stable configuration is formed in the direction oriented perpendicularly to the polarization of dipole moments. In addition, the enhancement of optical binding stiffness for one order of magnitude was predicted owing to the surface plasmon polariton interaction channel. These phenomena pave a way for developing new flexible optical manipulators, allowing for the control over a nanoparticle trajectory on subwavelength scales and opens a room of opportunities for optical-induced anisotropic, i.e. with different periods along the field polarization as well as perpendicular to it, organization of particles on a plasmonic substrate.
INTRODUCTION
Light carries momentum which can influence matter through optical forces enabling manipulation of micro and nanoscale objects 1 and even atom ensembles 2 . The methods of optical tweezing 3,4 rely on attraction of small objects to the regions of high field intensity. Spatially non-uniform intensity distributions used for positioning microobjects at predefined pattern can be achieved with a nanostructured environment or by interference of several beams. Yet, since early years of optical tweezing experiments, it was discovered that several particles tend to self-organize under homogeneous illumination 5, 6 . This effect is referred to as transverse optical binding. The interference between incident and scattered light, owing to interaction with particles, results in the formation of a set of potential wells defining stable positions of particles. Optical binding has been intensively studied both theoretically [7] [8] [9] [10] [11] and experimentally 12-16 also as a prospective method for self-organization of particles. However, the strength of optical binding drops rapidly with nanoparticle size as the scattering efficiency decreases as ∼ R 6 , where R is the nanoparticle radius. On the other hand, the viscous damping is also reduced for smaller particles, which makes the fluctuations and stochastic processes in liquids to be more influential. As a result, for reliable optical control of subwavelength nanoparticles, strong optical fields are required. In order to achieve this without strong heating of the surrounding media, it was suggested to use plasmonic structures, which can enhance optical fields locally. The optical binding can be enhanced by localized plasmon resonance in the nanoparticles 8, 17, 18 . The localized plasmons can improve trapping efficiency at hot spots of corrugated metal 19, 20 , or provide particle acceleration against beam direction in plasmonic V-grooves 21 . Three dimensional structures of plasmonic particles, such as metamaterials, can be also employed to trap or manipulate nanoparticles, e.g., for realization of optical pulling forces attracting nanoparticles to a light source 22, 23 . In the context of optical binding flat metal surfaces also may be very relevant. The excitation of propagating surface plasmon polartions (SPPs) and induced optical thermal forces are responsible for self-organization of micron size nanoparticles 24 . Moreover, the direct momentum transfer from SPP to micron size particles 25, 26 can be used for enhancing the optical forces near planar metallic surface, which can be used for sorting and ordering of nanoparticles 15, 27, 28 . Recently, it was suggested that SPP modes can open a way for manipulating the optical forces acting on nanosize particles by the directional excitation of the propagating SPP modes [29] [30] [31] . Here, we propose a new mechanism of transverse optical binding via excitation of SPP modes (SPP binding) near a metallic planar interface. This mechanism is based on far-field interaction through the interference of SPP waves and is different to formation of resonant nanoparticle molecules due to their near field interaction 17, 18, 32, 33 . Comparing to common transverse binding in a free space (photon binding), the proposed approach has several advantages: i) it can enhance the binding effect for small nanoparticles due to resonant excitation of SPP modes; ii) the distance between the bounded nanoparticles is de-fined by the SPP effective wavelength and, thus, can be significantly smaller surpassing the diffraction limit; iii) the binding occurs in the direction of dipole polarization in accordance with the directivity of SPP emission, which differs from the case of a free space binding, where stable configurations are formed in the direction perpendicular to the dipole moments. In this paper, we theoretically show how SPP-based transverse optical binding can bring new features to nanoparticle trapping and manipulation.
I. NANOPARTICLES POLARIZATION NEAR A SUBSTRATE
We consider two identical nanoparticles placed close to a planar metallic interface at coordinates r 1 , and r 2 in the field of a normally incident plane wave (see Fig. 1 ). We assume that nanoparticles have radius R and are made of dielectric material with permittivity ε. In the dipole approximation the radius of nanoparticles R is much smaller than the typical scale of electric field variations. In this limit, the optical force acting on a nanoparticle is given by the expression
where E i (r, ω) is the i-th component of a local field. 
The scheme of the problem. Nanoparticles with permittivity ε are positioned at equal distances from a surface z1 = z2 = z. We assume that the permittivity of the upper half-space equals to ε1 = 1.
The dipole moment of a nanoparticle p(r) is defined as p(r) = α(ω)E(r), where α(ω) is the vacuum dipole polarizability corrected with account for retardation effects:
where k 0 is the wavevector in a free space, and ε 0 is the vacuum permittivity. 3 , and calculated for a nanoparticle of radius R = 15 nm with ε = 3 whose center is located above the surface at z = 20 nm. The inset shows the dependence of the SPP typical period denoted as LSP P = 2π/kSP P (upper x-axis), and imaginary part of SPP wavevector (lower x-axis) on the vacuum wavlength.
particles via free-space and substrate channels, and selfinduced contribution of each particle through the reflection from the substrate. The local field is given by
Here, the first term in the right hand side is the amplitude of the external field, the second and third terms correspond to the field generated by the first and second nanoparticles respectively. The total Green's function G(r, r 0 ) = G 0 (r, r 0 ) + G s (r, r 0 ) is a sum of the scattered G s and vacuum G 0 components respectively 35 . One can simplify the consideration if renormalizes the polarizability tensor with respect to the self-action Green's function component G s (r i , r i ) term.
Here, we have introduced the effective polarizability tensor α s i,ef f as follows:
This tensor gives a correction of a vacuum polarizability α(ω) with accounting for nanoparticle self-action through the substrate. This tensor is diagonal as G s (r i , r i ) is diagonal in the case of a flat isotropic substrate 35 . For the sake of simplicity, in the following we fix the position of the first particle in the origin of the coordinate system at x 1 = 0 and y 1 = 0, and will consider the force acting on the second particle only. Computing the field at the point of the dipole according to the expression in Eq. (3), one can achieve a system of equations for dipole moments p 1 and p 2 (see Appendix A), and, in the special case of normal incidence of the plane wave, the expression for the dipole moments can be simplified even further:
Now, the polarizability α R ef f (see the Appendix A for the details) includes all the interaction channels: (i) the self-action of nanoparticle through the substrate, and (ii) the cross-action of two nanoparticle via vacuum and substrate. Moreover, it is worth mentioning that though the effective polarizability tensor α s ef f is diagonal, the tensor α R ef f is non-diagonal as the presence of the second nanoparticle does not preserve translational symmetry of the system.
The excitation of SPP modes affects both the effective polarizability due to the substrate mediated self-action, and cross action of nanoparticles. The spectra of real and imaginary parts of xx -components of α R ef f (solid line) and α s ef f (dashed line) are plotted in Fig. 2 for the case of silver substrate. The vacuum polarizability α is also shown in the figure with dash-dot line. One can see that the effective polarisabilities have resonance at around 350 nm. From the inset of Fig. 2 , one can see that this wavelength corresponds to SPP resonant excitation for silver/vacuum interface, which is defined by the condition Re(ε s (ω)) + 1 = 0 and also corresponds to maximal value of real part of SPP wavevector k SP P = k 0 ε s /(ε s + 1). In the inset the effective wavelength of SPP mode defined as L SP P = 2π/k SP P is also shown. The strong enhancement of the imaginary part of the effective polarizability is a sign of strong rescattering of light into the SPP mode.
II. DETERMINING THE STABLE CONFIGURATIONS
By determining the dipole moments of nanoparticles, one can calculate the optical force acting on each nanoparticle using the expression (1) (see the details in the Appendix Eq. (A13)). In the following, we will refer to the optical force acting on the second nanoparticle only, fixing the first nanoparticle in the coordinate origin. In order to find the equilibrium positions of nanoparticle, we plot the dependence of the x-component of the optical force as a function of interparticle distance along x-axis as shown in Fig. 3 a) . The force is normalized over the optical pressure force acting on the same nanoparticle in vacuum F 0 = 1/2k|E 0 | 2 Im(α(ω)), where |E 0 | is the amplitude of the incident plane wave. One can see that the force changes at particular point on the x-axis denoting the equilibrium positions points. These points can be stable along x if the force is restoring (shown with solid circles, i.e. point 1), and unstable otherwise (shown with white filled circles). One should also note that when nanoparticles are close to each other the force goes to minus infinity, until the nanoparticles touch each other. However this case is out of the scope of the present paper.
To identify the role of plasmons in the interaction force we have excluded SPP contribution from the Green's function by integrating over the free space modes only in the spectral representation (see Appendix B). One can see that in the absence of SPPs the interaction force becomes one order of magnitude weaker, and the period between stable positions is significantly enlarged being defined by the vacuum wavelength and photons interference. Moreover, the equilibrium points shown with blue circles are stable both along x and y directions making them globally stable, which does not happen in case of photon binding. To illustrate this, we plotted the F y force (see Fig. 3 b) ) as function of the transverse angle φ (see the inset in Fig. 3 ) in the vicinity of points of stable equilibrium positions. In Fig. 3 (c) one can see the dependence of the binding length on the vacuum wavelength shown along with the period of SPP wave, which is equal to L SP P . One can see that the binding distance is fully defined by the period of the SPP wave when the excitation condition is fulfilled, thus, providing the binding at distances significantly shorter than vacuum wavelength. This also strongly differs from work of Salary et. al. 17 , where the optical forces between two nanoparticles over metallic substrate were considered in the regime, when the interaction force is mainly defined by the near-field components.
In order to support the results discussed above, we have performed numerical simulations in COMSOL Multyphysics package (see Fig. 3 (d) , scatter line) and showed good correspondence with the obtained solution based on Green's function approach (see Fig. 3 (d) solid line) . The Green's function approach shows good agreement with numerical results also at the distances comparable to nanoparticle size. Moreover, basing on Green's function formalism we have derived the approximate expression for the contribution of SPP mode into the optical force (see Appendix C for the details): 
Here
are z-components of SPP wavevector in the upper halfspace and in the substrate correspondingly, H
1 (q) is the first order Hankel function of the first kind. The derived expression very illustratively shows the origin of the SPP mode: the Hankel function describes the SPP mode excited by a dipole and propagating over a flat surface. Its zeros define the equilibrium positions of the nanoparticle. The z-components of the wavevector is complex since SPP is a localized wave, thus, the exponent in Eq. (8) shows that strength of dipole-SPP coupling decays.
One needs to stress, that the transverse binding in vacuum does not not provide stable equilibrium positions along x-axis 36 . This difference of SPP and photon binding can be understood through the difference in the scattering diagrams of SPPs and photons. This is illustrated in Fig.4 where two-dimensional maps of x and y force components are plotted. The photon binding is wellknown to have stable configuration perpendicular to the field polarization direction in accordance with the dipole emission pattern (see Fig. 4 (a, b) ). The SPP binding, on the contrary, has stable configurations along the polarization direction, in which preferable excitation of SPP modes occurs (see Fig. 4 (c, d) ). It is also worth noting that the amplitudes of lateral forces are several times higher when SPP modes affect binding.
We illustrate the character of SPP binding by calculating the dynamics of the second nanoparticle motion in the force field of the first nanoparticle, which is fixed at the origin of the coordinates. We consider only twodimensional motion of the nanoparticle, keeping the zcoordinate to be constant. The dynamics is obtained One can see that the nanoparticle actively tends to set the position along the x-axis where the binding force is the strongest.
The important parameter, which characterizes the stability of the equilibrium states, is the stiffness of the trap. At the equilibrium positions the total optical force is zero, but when shifted from the stable positions the nanoparticles undergo action of a restoring force, which is locally proportional to the amplitude of the displacement F r = −κ x ∆x, with the parameter κ x characterizing the stiffness of the system along the x-direction. However, this approximation of the restoring force only applies to the gradient component of the optical force. Indeed, we consider the nanoparticles significantly smaller than the wavelength, that results in low and non-resonant at the wavelengths imaginary part of the polarizability Im(α ef f ) Re(α ef f ), as Im(α ef f ) (R 6 /λ 3 ), and R << λ (see Fig. 2 ). Thus, the radiation force, which is proportional to imaginary part of the polarizability, can be neglected (see Appendix E). The stiffness in the considered system strongly depends on the mechanism of the nanoparticles interaction, and, as can be seen from Fig. 3 , it is much higher when the plasmon interaction is enabled. We have plotted (see Fig. 6 ) the spectral dependence of stiffness parameter κ x calculated at the first equilibrium point, labeled by point 1 in Fig. 3 (a) . To avoid the dependence of stiffness on the illumination intensity, we have normalized it to the magnitude κ 0 = F 0 /R, which is the stiffness of a system where the vacuum pressure force F 0 can be restored when nanoparticle is displaced for one radius from its equilibrium position. One can see that the stiffness has a strong resonant behaviour, which corresponds to the excitation of SPP modes at wavelengths longer than 350 nm. With the increase of the distance from nanoparticle center to the surface the stiffness rapidly drops, as the coupling with the SPP mode decreases.
From Fig. 6 one can see that the spectral maximum of stiffness depends on the height from the surface. This spectral dependence can be understood better by analyzing the analytical expression Eq. (8) . In the case of neglible losses in the substrate, one can get a simple expression for the stiffness at the first stable equilibrium point (see Appendix C for more details):
Here Y 2 (q) is the cylindrical Webber function of the second order, and q 1 is the first positive root of Y 1 (q 1 ) = 0.
Note that in the regime of SPP excitation without ohmic losses the SPP wavevector can be in a range from k 0 to +∞ when 1+ε s → 0. With that the expression Eq. (C12) goes to zero in both limiting cases:
which implies that the stiffness reaches its maximum at some particular wavelength. This wavelength can be defined for each given distance over substrate z. The maximal stiffness can be achieved close to SPP resonance when SPP wavevector equals tok ≈ 6/z k 0 . Then, the maximal stiffness at the n-th equilibrium position decreases with distance to substrate as z −6 (see Eq. (C13)): 
III. CONCLUSION
In this work we consider transverse optical binding based on surface plasmon polariton interference. We show that two nanoparticles placed in the vicinity of a plasmonic interface can form a stable bound dimer with binding length defined by the SPP wavelength. This allows formation of the dimers with interparticle distance significantly shorter than the free-space wavelength suppressing the diffractional limit. The binding states are formed along the direction of the incident field polarization, which on the contrary tothe photon binding, where the stable bound states are formed perpendicular to the polarization direction. The excitation of SPP modes also enhances the amplitude of the binding forces, resulting in resonant enhancement of the trap stiffness.
Appendix A: Calculation of a binding force
The force F 2 (r 2 ) acting on the second nanoparticle is calculated as
The introduction of the effective polarizability parameters significantly simplifies the formula for the electric field in the center of the second nanoparticle E 2 :
The dipole moments then can be expressed as:
Let us solve this equation system. After some manipulations one can get
The last expression in (A6) can be simplified even further, if one renormalizes the effective polarizability tensor with account for nanoparticle cross action:
Here the self-action Green's function G s (r i , r i ) contains the scattered part only, whereas the cross-action part G(r i , r j ) = G 0 (r i , r j ) + G s (r i , r j ) include both vacuum and scattered parts determining the cross-interaction through vacuum and via substrate respectively. The final expression for the dipole moment will be as follows:
The case of normal plane wave incidence on a planar substrate, when the nanoparticles are located at the same height above the surface (see Fig.1 ) is of a particular interest. In this case the external electric field E 0 is equal in the centres of both nanoparticles, and, thus, the dipole moment has very simple form:
The optical force component, then, can be calculated as
The y and z components can be calculated with the same expression (A13) by substituting the partial derivative with ∂ y and ∂ z correspondingly.
In order to get a simple analytical result showing all the key features of the SPP-assisted force, we will take into account that the effectiveα R tensor has diagonal domination, which implies that α
The the expression (C1) can be simplified:
The electrical field generated by the dipole at the distance r from the first nanoparticle can be expressed through the Green's function E s x (r) = 4πk 2 0 G s,xx (r, 0)p x . Then we have an expression for the lateral component of the optical force written in a very simple form:
The Greens function is expressed through the integral Here we use the same notation as in Appendix B. We are interested only in the component containing r p term as only it gives rise to SPP response, and also we put φ = 0'. Then, Next, we have where Y 1 (q) is the cylindrical Webber function. By expanding this expression around the zeros q n of the Webber function Y 1 (q) ≈ −Y 2 (q n )(q − q n ), one can find the expression for the stiffness at the n-th equilibrium position along x-axis of the system (see Fig. 3 a) ):
Y 2 (q 2n−1 ) exp(−|k 1z |z).
Note that in the regime of SPP excitation without ohmic losses the SPP wavevector can be in the range from k 0 to +∞ when ε 1 + ε 2 → 0. With that the expression Eq. (C12) goes to zero in both limiting cases:
which implies that the stiffness reaches its maximum at some particular wavelength. This wavelength can be defined for each given distance over substrate z. The maximal stiffness can be achieved close to SPP resonance when SPP wavevector equals tok ≈ 6/z. Close to the frequency of SPP resonance whenk → ∞, the SPP becomes highly localized close to the interface |k z | k 0 . Then, the maximal stiffness can be expressed as:
Here we present the results of calculation of total optical force and the conservative component only. By excluding imaginary part of polarizability one can isolate the conservative force only 35 . The result are shown in Fig. 7 . One can see that for the considered set of parameters the conservative force strongly dominates over non-conservative, which is the the difference between the total and conservative forces. 
